Heat Shock Factor 1 (HSF1) mediates the cellular response to stress to increase the production of heat shock protein (HSP) chaperones for proper protein folding, trafficking, and degradation; failure of this homeostatic mechanism likely contributes to neurodegeneration.
Induction of the heat shock response (HSR; aka stress response) is a universally important quality control mechanism in protein homeostasis: it is a primary and evolutionarily conserved response to diverse stressors, mediated by activation of the HSF1 transcription factor, culminating in the induction of a family of heat shock proteins (HSPs) that function as chaperones to assist in the proper folding of non-native proteins, proteases to help in the degradation of damaged proteins, and others for the protection and recovery from cellular damages [1] [2] [3] . The biological importance of HSR is underscored by genetic evidence linking stress and protein homeostasis with the health and life span of the organism [4] [5] [6] , and by the increasing appreciation that problems in protein folding and aggregation likely contribute to the pathogenesis of a number of age-dependent neurodegenerative diseases that include Amyotrophic lateral sclerosis (ALS), Huntington's, Parkinson's, Alzheimer's, and Prion diseases [6] [7] [8] [9] [10] .
We are interested in harnessing the cytoprotective activity of HSR/HSF1 to promote cell survival under stress. In particular, we are interested in identifying agents that are not overtly proteotoxic and would not by themselves induce a robust HSR but would amplify the HSR and enhance the expression of HSPs. Riluzole is the only FDA-approved drug for ALS, the mode of action appears to be antiglutamatergic but the detailed mechanism is not clear as some other antiglutamate drugs such have not been shown to be effective in the treatment of ALS [11] .
In a previous study on HeLa cells, we showed that riluzole increases the amount of HSF1 for cytoprotection [12] . Here, we present results of the effect of riluzole on HSF1 in neuronal cell systems and show that in addition to boosting expression of HSPs, HSF1 may mediate the induction of GLT1 glutamate transporter. The increased HSPs and GLT1 support neuronal cell survival under stress.
N2a cell lines were used as neuroprogenitor cell models as these cells can differentiate into neuronlike cells and acquire neural-specific phenotype, including voltage-gated sodium channels and the ability to synapse with co-cultured muscle cells [15] [16] [17] .
Cells were grown in Dulbecco's Modified Eagle's Medium (Mediatech Inc.; DMEM) supplemented with 10% fetal bovine serum (FBS; Atlanta Biologicals, Inc.). Cells were sub-cultured at or near confluency by minimal trypsinization (0.25% trypsin; Mediatech Inc.) and dispersion into single cell suspension in new growth medium and plating onto new growing surfaces.
To induce neuronal differentiation, cells were plated into a DMEM containing 2% FBS supplemented with 1 mM dibutyryl cAMP [15] [16] [17] . Unless indicated otherwise, cells in early stationary phase of growth were used: confluent undifferentiated cells or differentiated cells 2-3 days after dibutyryl cAMP treatment.
Primary embryonic spinal cord neuron cultures were prepared as described [18] . Briefly, spinal cords were dissected from embryonic day 16 (E16) rat embryos. Meninges were removed, and tissues were dissociated with gentle trituration. Cells were plated at a density of 60,000-100,000 neurons/cm 2 in Neurobasal medium (Gibco) supplemented with B-27, penicillin, and streptomycin. Experiments were done using neurons at 7-10 DIV (days in vitro).
For riluzole treatment, a 100 mM stock in dimethyl sulfoxide (DMSO) was serially diluted with either Dulbecco's phosphate buffered saline or DMEM to a 10X working stock and added to cell culture medium and incubated at 37°C for time indicated.
An equivalent volume of the vehicle was added to the control. Unless indicated otherwise, heat shock was at 42ºC for a specified time period beginning at 12-18 hr after the addition of riluzole. Cells were either harvested immediately after heat shock for Western blot detection of HSF1 or allowed to recover at 37° for time periods indicated for analysis of the induction of hsp70-firefly luciferase reporter gene and HSP70/HSP90/GLT1 protein expression.
Western blot and immunocytochemistry. Cells were pelleted by centrifugation and extracts were prepared using either RIPA buffer or lysed and solubilized directly and completely in a 2X SDS-PAGE sample buffer.
For Western blot, aliquots of the cell extracts containing the same amount protein (~10g/lane) were size fractionated using an 8% or a 6-15% gradient SDS-polyacrylamide gel, and proteins on the gel were transferred to a PVDF membrane. Western blot detection of HSF1 and HSP70 was done as previously described [12, 15, 16] . Detection of the HSP90 protein was performed using a rabbit monoclonal antibody (Cell Signaling 4877, 1:1000 dilution). GLT1 was probed with either sc-15317 (SCBT, 1:200 dilution) or ab61859 (Abcam, 1:500 dilution); both gave similar results although the Abcam antibody gave a lower background. To affirm even loading of protein, membrane was coprobed for actin (42 kDa) Aliquots (in quadruplicate) of the cell culture medium were removed at 2, 4, 6 and 24 hr after initiation of the chase, and the amount of trichloroacetic acid soluble radioactivity was determined according to published methods [19] .
Reporter gene assay.
The two reporter genes used in this study are: hsp70-firefly luciferase and GLT1-firefly luciferase. Reporter gene activity was assayed using standard transient transfection protocol: the reporter DNA was transfected along with the internal control of phRLSV40 (synthetic humanized Renilla luciferase DNA).
Unless indicated otherwise, freshly plated 80-90% confluent cells were used, the amount of each DNA was 0.5 g/35 mm plate or 1.5 g/60 mm plate and the amount of Lipofectamine 2000 (in l) was 3X that of the total amount of DNA (in g). 6 hr after DNA transfection, cells were trypsinized and aliquoted into individual wells of a 96 Stripwell TM plate (Corning/Costar 9102); these identically transfected cells allowed for testing of the effects of riluzole and heat shock on reporter gene expression. To evaluate the effects of heat shock on reporter gene activity, strips of 8 wells or designated wells of cells were placed in a 42ºC incubator for 2 hr followed by recovery at 37ºC for 4 hr (or as indicated otherwise) prior to harvesting. Riluzole, when used, was added 16 hr prior to heat shock unless indicated otherwise. Result is the average ± standard deviation of four separate determinations from the same pool of transfected cells. Within each experiment, the reporter gene signal was tight with a ~10% sample-to-sample variation. Between experiments, there is a range in the magnitude of heat shock induction of reporter gene activity as we have previously reported for the hsp70-reporter (heat shock/control from 20 to >100 fold) [12, 15, 16] . Variation in the basal HSF1 activity [20] and differences in the cell status (confluency, days in culture, etc) likely contributed to the this variation.
The Dual-Glo luciferase assay reagent system from Promega Inc. (E2920) was used to assay for first the firefly then the Renilla luciferase activity according to manufacturer's instructions. Luciferase activity was measured using the Perkin Elmer Victor 2 multiplate reader equipped with dual injectors.
Where indicated, result of the Hsp70-firefly luciferase activity (in relative luminescence units, RLU) was normalized against that of the Renilla luciferase (RLU), and to facilitate comparison across experiments for statistical analysis across experiments this ratio was set at 1 for the control (without heat shock or riluzole treatment). By normalizing the Hsp70-firefly luciferase activity against that of the Renilla luciferase internal control, we effectively negated experimental variables such as differences in cell number, as well as non-selective effects of the treatment conditions/reagents on gene expression.
Glutamatergic stress and assay for cell viability. Cells in 96 well plates were used. Riluzole was added to individual wells to final concentrations as indicated and incubated at 37°C for 16 hr.
For conditioning heat shock, designated strips/wells of cells were heat shocked at 42°C for 2 hrs followed by recovery at 37°C for 8 hr. To test for cell survival under conditions of glutamatergic challenge, specified concentrations of glutamate along with 50 M glycine was added to designated wells and incubated at 37°C for 12-24 hr prior to microscopic assessment of cell morphology and assay for cell viability.
The NMDAR antagonist MK801 [21] , when used, was added to a final concentration of 1 M at 60 min prior to the addition of glutamate and glycine to the cells. Viability of the cells was determined using the CellTiter-Glo (G7571, Promega Inc.) [13] .
Result on cell viability signal of three independent measurements was averaged and normalized against that of the untreated control of 100%.
Data and Statistical analysis. Quantitation of HSP70 staining intensity was done by Image J. The mean staining intensity of 30-40 representative cells was scored and averaged, and result of this ± standard deviation is shown. Student's t-test was for unpaired data assuming equal variance and two-tailed distribution.
For quantitation of protein band intensity on Western blot, the integrated density of specified protein bands determined by the Image J program was used. Statistical analysis of the significance of a specific treatment, e.g. effect of riluzole or heat shock on HSF1 or GLT1, was done by paired Student's t-test with two-tailed distribution. Repeated measures ANOVA analysis was done using the GraphPadInstat statistical analysis program. We have also used the ratio t test method to assess the significance of difference between paired samples, e.g. HSF1 intensity without versus with riluzole treatment. For this, paired t-test of the logarithms of integrated densities of specified protein bands was performed using the GraphPad InStat statistical analysis program.
An example of this is included in Supplemental Figure 1 .
Statistical analysis of reporter gene, cell viability and caspase assay was done using Student's t-test (paired and unpaired as indicated) assuming equal variance and two-tailed distribution.
The calculated probability of difference P>0.05 is defined as not significant, between 0.01 and 0.05 as significant (*), <0.01 as very significant (**), and <0.001 as extremely significant (***).
RESULTS

Effects of riluzole on the regulation and function of HSF1
Induction of the HSR is mediated by activation of the HSF1 transcription factor: stress acutely converts the constitutively expressed dormant, monomeric HSF1 in the cytosol to a nuclear localized, post-translationally modified HSF1 trimer that binds and transactivates the heat shock genes [22, 23] . We used immuno-Western blot techniques to evaluate the effects of riluzole on the expression, and duration of activation of HSF1 in NG108-15 cells.
As seen in Fig. 1A , heat shock at 42°C promoted the activation and post-translational modification of HSF1 -as indicated by the upward mobility shift of HSF1 in SDS-gel electrophoresis ("supershift"); this activation was transient such that after 5 or 7 hrs of heat shock little HSF1 signal could be detected (Fig. 1A , lanes 4 and 5). Whether this was due to degradation, modification, and/or sequestration of HSF1 into entities not readily extractable or detectable by the methods used was not entirely clear. Previous studies showed that heat shock promoted the sequestration of HSF1 into subnuclear structures known as stress granules and this HSF1 was extractable with Triton X-100 [24] [25] [26] . Treatment of cells with 1.5 M riluzole for 16 hr at 37°C increased the amount of latent HSF1 (compare lanes 1 vs. 6 of Fig. 1A ; lanes 1 vs. 2 of Fig. 1B ), and supported a sustained activation of HSF1 which remained supershifted after 7 hr of heat shock at 42°C, the longest time point examined (Fig. 1A , lanes 7-10).
This effect of riluzole was dose-dependent as pre-incubation of cells with increasing concentrations of riluzole supported a sustained (>5 hr) activation of HSF1 with an optimal effect observed at ~1 M (Fig.  1B) .
The effect of riluzole of increasing the HSF1 reserve was reproducible over the course of a two year study. Statistical analysis of the significance of difference in the abundance of HSF1 of control versus riluzole-treated neuroprogenitor cells of ten independent measurements is shown in supplemental Figure 1 . The calculated P value associated with a Student's paired t-test with a two-tailed distribution was <0.001 (extremely significant difference) with an average of 1.86 ± 0.399 fold increase in HSF1 in the riluzole treated samples over that of the untreated controls. A similar p value of <0.001 was obtained using the ratio t test method to gauge the significance of difference between control and riluzole-treated cells (supplemental Figure 1) .
The combined effect of an increase in the amount of latent HSF1 (HSF1 reserve) and a more sustained activation of HSF1 allowed for more robust induction of HSPs. In Fig. 1C we show that riluzole gave a dose-dependent enhancement in induction of the 72 kDa HSP70 protein by heat shock. At the optimal concentration of 1 M, riluzole boosted the heat shock induction of HSP70 by ~2X. While the level of HSP70 in the control 37°C samples was low when compared to that of the heat shocked samples, we show in Fig.   1C , with a darker film exposure, an effect of riluzole in increasing the amount of HSP70 in cells maintained at 37°C.
Riluzole slows the turnover of HSF1
The effect of riluzole on HSF1 could be due to either an increase in the expression or a decrease in the turnover of HSF1. A previous study from our laboratory suggests that riluzole has little effect on the transcription and abundance of the mRNA hsf1 [12] . We evaluated the effect of riluzole treatment on the turnover/degradation of HSF1 and total/long-lived cellular proteins using a "pulse-chase" protocol where proteins were first labeled with [ 35 S]methionine followed by removal of the radioactivity and "chase" of the [
35 S]labeled protein in the absence and presence of riluzole. Samples were harvested and HSF1 was immunoprecipitated at various times after the beginning of chase. In Fig. 2A , we showed that riluzole had a statistically significant effect in slowing the rate of decay of [
35 S]-labeled HSF1 at the 12 hr (P between 0.01 -0.05) and 24 hr (P <0.01) time points of chase. The fractional rate of decay of HSF1 [Kd=2.303(a/b)] was calculated to be 0.041 and 0.014/hr for the control and riluzole-treated NG108-15 cells at the early stationary phase of growth. This result suggests that riluzole slowed the turnover of HSF1 to increase the steady state level of the protein. Importantly, riluzole and chloroquine had different effects on the turnover of long-lived cellular proteins (Fig. 2B ). Chloroquine had a statistically significant effect in blunting (P <0.1) the timedependent protein turnover as assessed by the release/conversion of trichloroacetic acidinsoluble [ 35 S]-labeled proteins in cells into trichloroacetic acid-soluble radioactivity in the cell culture medium, whereas riluzole had no significant effect at 2, 4, and 6 hr of chase and had a small but statistically significant effect at 24 hr when compared to that of the untreated control, suggesting that the mode of action of riluzole is different from bulk inhibition of lysosome function by chloroquine.
Riluzole enhances basal and heat-induced hsp70-luciferase reporter gene in NG108-15 cells.
To assess the functionality of the increased HSF1, we determined the effects of riluzole on hsp70 promoter-driven luciferase reporter gene expression in undifferentiated and differentiated NG108-15 cells incubated under basal (37°C) and heat shock (42°C) conditions. Pre-incubation of the cells with riluzole for 16 hr at 37°C followed by heat shock gave a riluzole dose-dependent enhancement of the heat shock induction of hsp70-firefly luciferase reporter gene expression (Fig. 3A, B) . At the optimal riluzole concentration of 1-2 M, the heat shock-induced hsp70-reporter gene activity was ~ 2 X higher than that of heat shock alone (without riluzole). Concentrations of riluzole >10 M caused a significant drop in the hsp70-reporter gene activity, suggesting cytotoxic effects and this was later validated in cell viability assay.
For subsequent experiments, we set 10 M as the highest concentration of riluzole used. Analysis of the effects of riluzole on the basal level of expression of hsp70-luciferase (i.e. 37°C; insert of Fig. 3B ; open and closed circles for undifferentiated and differentiated NG108-15 cells, respectively) revealed a qualitatively similar effect both in terms of the optimal concentration of riluzole (~ 1-2 M) and fold of enhancement. Repeated measures ANOVA analysis of the four groups of data gave P<0.0001 indicating extremely significant difference.
Results presented in our previous study show that both the basal (37°C) and the induced (42°C) reporter gene expression requires a functional HSF1 as genetic ablation of the hsf1 gene voided both [12] . The effect of riluzole in boosting hsp70-reporter gene expression required pre-incubation since the addition of riluzole immediately prior to heat shock had little or no effect (see Supplemental Figure 2 ).
We note that a minimal preincubation period of 4 hr with riluzole was necessary for a reproducible and statistically significant increase in the hsp70-reporter gene activity.
Comparison of hsp70-reporter gene expression in undifferentiated and differentiated NG108-15 cells shows a significant reduction in basal and heat shock-induced reporter gene activity in differentiated cells (Fig. 3A, B) -a result consistent with our previous observations [15, 16] . Nonetheless, riluzole had a qualitatively similar effect -in dose and magnitude -in differentiated and undifferentiated NG108-15 cells. The basal hsp70-reporter gene activity without and with 2 M riluzole was 1.0 and 2.2 for the undifferentiated cells, and 0.8 and 2.1 for the differentiated cells. Heat induced reporter gene activity ± 2 M riluzole was 71 and 139 for the undifferentiated cells, and 28 and 63 for the differentiated cells ( Fig. 3B ; all values normalized against the undifferentiated control of 1).
Immunocytochemical detection and quantitation of HSP70
The effects of riluzole and of heat shock on the abundance of HSP70 protein were determined by immunocytochemical staining Fig. 4) . Visual inspection as well as counter staining of the dendritic processes of SCN with anti-MAP2 antibody (in red) show that HSP70 was primarily localized to the cell body (Fig. 4B, Panel e-h ). HSP70 staining intensity was increased by heat shock (42°C for 2 hr followed by recovery for 6 hr), and pre-treatment of cells with riluzole (1 M, 16 hr) enhanced the HSP70 staining intensity under both control and heat shock conditions. Student's t-test of the probability of difference in staining intensity confirmed that riluzole gave statistically significant increases in the basal and the heat-induced HSP70 staining in both the NG108-15 neuroprogenitors and SCN.
Effects of riluzole and heat shock on the GLT1 glutamate transporter
Riluzole has an anti-glutamatergic profile and its ability to increase glutamate uptake provides a mechanism to mitigate the neurotoxic effects of excess glutamate [27, 28] .
Of the two major glutamate transporters, GLT1 (Excitatory Amino Transporter 2, EAAT2) accounts for ~95% of the glutamate transport activity and loss of GLT1 is sufficient to induce a phenotype of motor neuron degeneration [29] . We asked whether the effect of riluzole on glutamate uptake may be mediated, at least in part, through HSF1 as in silico analysis of the GLT1 promoter revealed a number of heat shock elements (HSE) for the binding of HSF1 (top of Fig. 5) .
We assessed the effects of riluzole on GLT1-firefly luciferase reporter gene expression and abundance of the GLT1 protein.
We show in Fig. 5A that riluzole gave dosedependent increase in GLT1-reporter gene activity under both control (37°C) and heat shock (42°C) conditions. The effect of heat shock on GLT1-reporter was modest (60-80% increase) when compare to the increase in hsp70-reporter shown in Fig. 3 . Paired t-test with two tailed distribution gave a P value <0.001 for the difference in GLT1-reporter gene activity between the control versus heat shock cells. Western blot analysis of GLT1 in Fig. 5B showed that both riluzole and heat shock increased the expression of GLT1, although the effect of heat shock on GLT1 expression was modest when compared to that of HSP70.
We further determined the dose-dependent effect of riluzole, without and with heat shock, on GLT1 expression (Fig. 6) . For comparison and validation, the same membrane was reprobed for HSP90 and actin (HSP90 rather than HSP70 was used to assess the regulation of HSPs as HSP70 was not well resolved from GLT1). Quantitation of GLT1 band signal and normalization of this against that of the loading control actin showed that incubation with 0, 0.5, 1,2 and 5 M riluzole increased the abundance of GLT1, and the increase was augmented by heat shock.
In the GLT1 immunoblot, we also detected a high MW (~125 kDa) as well as several low MW (≤ 40 kDa) bands in addition to the 67 kDa GLT1 protein.
Whether the 125 kDa entity represents a dimer of the 67 kDa GLT1 protein as previously suggested is not known [30] . Reprobing of the membrane for HSP90 and actin showed that riluzole and heat shock gave synergistic induction of HSP90; an optimal effect was observed at 1 M and further increasing the concentration of riluzole to 5 M actually caused a drop in the induction of HSP90. Pairwise statistical analysis of the intensity of GLT1 and HSP90 showed that heat shock had statistically significant effects in increasing the abundance of both.
Our results are consistent with previous observations that HSF1 may target many cellular genes other than HSPs [31] [32] [33] [34] [35] [36] , and suggests that riluzole may harness various cytoprotective mechanisms targeted by HSF1 -induction of HSPs and GLT1 included.
Riluzole and conditioning heat shock promote neuronal cell survival under glutamatergic stress
Increased expression of HSP and GLT1 can provide general and neuron-specific protective mechanisms for survival under stress. In Fig. 7 , we examined the effects of riluzole without and with conditioning heat shock on the ability of differentiated NG108-15 cells to survive excitotoxic glutamate/glycine challenge. Phase contrast photomicrographs of cells without and with 1 mM glutamade/50 M glycine challenge were as illustrated in the top of Fig. 7 and result on cell viability was plotted as a function of the dose of glutamate used.
We showed that glutamate had a dose-dependent cell kill effect, and this cytotoxicity was negated by the prior addition of MK801, a non-competitive NMDAR antagonist [21] . Indeed, photomicrographs showed that cells appeared dead in the glutamate-challenged NG108-15 cells, and this was mitigated by pretreatment with MK801.
Pretreatment of cells with 1 M riluzole partially protected cells from this glutamate-induced excitotoxicity, and this protective effect was boosted by conditioning heat shock prior to the glutamate challenge. Statistical analysis by paired t-tests with two-tailed distribution yielded result of extremely significant difference in cell viability of control versus riluzole-treated, control versus riluzole/pre-HS, and riluzole versus riluzole/pre-HS, respectively. Repeated measures ANOVA analysis gave P value of <0.001, indicating an extremely significant difference between the groups.
DISCUSSION
Riluzole[2-amino-6(trifluoromethoxy)benzothiazole; brand name Rilutek®, Sanofi-Aventis Inc.] is the first and only drug approved by the FDA for the treatment of amyotrophic lateral sclerosis (ALS, Lou Gehrig's disease). Although generally considered an antiglutamatergic drug, the mode of action of riluzole is not entirely clear. We suggest, on the basis of the following considerations, that the ability of riluzole to upregulate the amount of HSF1 to boost the expression of HSP chaperones and the GLT1 glutamate transporter contribute to the clinical efficacy of riluzole as a neuroprotective drug.
(1) Riluzole gave similar dose-dependent effects in increasing the amount and duration of activation of HSF1, in booting HSP70 and GLT1expression (both reporter gene and protein abundance), and in conferring protection for survival of neuronal cells under glutamate and oxidative challenge. Such correlation is consistent with a cause-effect relationship of the HSF1-initiated signaling events and the improved survival under stress. The cytoprotective activity of riluzole requires a functional HSF1 as we showed that genetic deletion of hsf1 [37, 38] negated this effect [12] . (2) The effective concentration of 1-2 M riluzole as a HSR amplifier in our in vitro assays is coincident with the 1.62 M plasma concentration of riluzole detected in healthy human volunteers 1 hr after administration of the prescribed 100 mg daily dose of riluzole [39, 40] . (3) The effect of riluzole on HSF1 appeared not to be cell type specific as the effect is observed in different cell types including HeLa cells [12] , NG108-15 and N2a neuroprogenitor cells and embryonic neurons of spinal cord, hippocampus, and cortex. This is consistent with observations that the palliative effect of riluzole is not limited to diseased motor neurons in ALS -riluzole confers neuroprotection in spinal cord injury and cortical ischemia [41] [42] [43] [44] , retards huntingtin aggregate formation in a cell free system and hippocampi organ culture [45] , slows the progression of multiple sclerosis in human subjects [46] , and retards neuromuscular dysfunction in wobbler mouse motor neuron disease [47] . The apparently ubiquitous effect of riluzole on HSF1/HSR likely contributes to its efficacy in the different diseases/pathologies.
An important finding of this study is that riluzole increases GLT1 promoter activity and GLT1 protein expression, and the increase is enhanced by heat shock. These results together with in silico identification of HSE sequence in both the human and mouse GLT1 promoters suggest that GLT1 may be regulated by HSF1 and is consistent with experimental observations that the activities of HSF1 extend far beyond the induction of HSPs. In yeast, HSF1 regulates ~ 3% of the genome including genes in energy production, signal transduction, and vesicle transport [48] . In higher eukaryotes, microarray and chromatin immunoprecipitation analysis reveal a complex transcriptional program regulated directly and indirectly by HSF1 [31] [32] [33] [34] [35] [36] . Like GLT1, heat shock has a modest effect on these non-HSP genes. We suggest that riluzole, by increasing HSF1, may mobilize a number of mechanisms, induction of HSP and GLT1 included to promote neuron survival under stress.
In the context of HSF1/HSP/GLT1 and neuroprotection, there are two noteworthy considerations of the effects of riluzole.
First, given that riluzole increases the amount of latent HSF1, it is likely to have a biased beneficial effect in diseased neurons burdened with conformational challenged proteins. This is because the activation of HSF1 is inextricably tied to the dynamics of substrate/chaperone in cells [6] . In normal cells, an increase in HSF1 reserve is expected to be phenotypically silent until cells are stressed and HSF1 becomes activated. In diseased neurons burdened with mis-folded proteins, the increased HSF1 reserve would be activated in proportion to "need" in order to re-balance the substrate/chaperone dynamics. Second, the neuroprotective effects of riluzole may be directed as much towards glia as neurons as GLT1 glutamate transporter has a predominantly glial distribution [29] and riluzole has been shown to enhance the activity of glial GLAST and GLT1 to protect against glutamate neurotoxicity [28, 49] .
Both heat shock and riluzole treatment appear to have a greater effect in boosting HSP expression when determined by either Western blot ( Fig. 1 ) and reporter gene assay (Fig. 3 ) than by immunocytochemistry (Fig. 4) . This may be due to a high background staining in our immunocytochemistry protocol where the antibody was used at a 50X higher concentration compared to Western blot. In a previous study on spinal cord motor neurons, little HSP signal was detected after heat shock and expression of a wild-type HSF1 failed to resurrect the mortified HSR [50] . One factor may be the difference in "age" of neurons used: we used SCN at 7-10 DIV when the neurons are less mature/differentiated than those neurons used in the other study after a 4-8 week in vitro culture period [50] . We know, from our previous studies, that there is a definite negative correlation of neuronal differentiation and the ability to mount the HSR and induce HSP chaperones under stress [15] .
The mechanism by which riluzole effects an increase in HSF1 has yet to be elucidated. It is not likely to involve transcriptional activation of the hsf1 gene as RT-PCR analysis failed to reveal a significant difference in the amount of hsf1 transcripts in the control versus riluzole-treated cells [12] . Our result demonstrates that riluzole slowed the turnover of HSF1. Consistent with a role of protein turnover in this regulation and changes in protein turnover as a function of the growth conditions of cells [51] , the effect of riluzole on HSF1 is influenced by serum/nutrient status and confluency of the cells, and unless indicated otherwise, experiments shown here were done using cells at the early stationary phase of growth. We further note that long incubation of cells with high concentrations of riluzole (>5-10 M) had detrimental effects on cell viability and hsp70-reporter gene expression.
Whether this may be related to changes in protein degradation mechanism is not entirely clear.
Riluzole may be the prototype of a family of drugs that amplify the HSR by increasing HSF1 reserve. Several hydroxylamine compounds, arimoclomo, iroxanadine, and bimoclomol, function as HSR co-inducers and prolong the activation of HSF1 to enhance the production of HSPs [52] .
Treatment with arimoclomol improves behavioral phenotypes of ALS mice, prevents neuronal loss and extends survival rate by 22%. The possibility that these compounds may increase the amount of HSF1 reserve remains to be investigated.
In a recent study, celastrol, a natural product derived from the Celastraceae family of plants that acts as "proteostasis regulator," -was shown to increase HSF1 reserve in a cellular model of Gaucher disease to restore function to mutant lysosomal enzymes and ameliorate cellular pathobiology caused by the misfolding of mutant proteins [53] . We suggest that drugs that up-regulate the expression of HSF1, riluzole included, and small molecule inducer(s) of the HSR may have synergistic beneficial effects in the prevention and treatment of protein misfolding diseases.
51.
Fuertes Cells were incubated with specified concentrations of riluzole for 16 hr at 37°C. The condition of heat shock was 42°C for 2 hr followed by recovery at 37°C for 6 hrs. Abundance of the heat inducible 72kDa HSP70 is as indicated at the bottom of the figure. A darker exposure of the first three lanes from control (37°C) samples was included for better visualization of the effect of riluzole on the basal expression of HSP70. Result is the average ± standard deviation of 4 separate determinations. (A) Raw hsp70-luciferase reporter gene activity. The conditions of riluzole pre-treatment and heat shock were as described. Result on hsp70-firefly luciferase reporter activity (in relative luminescence unit, RLU) is the average ± standard deviation of 4 determinations and this is plotted against riluzole concentration in log scale. Repeated measures ANOVA analysis of the four groups of data gave P<0.0001 indicating extremely significant difference. (B) Normalized hsp70-reporter gene activity. The hsp70-firefly luciferase activity shown in Fig. 3A was normalized against that of the internal control, Renilla luciferase, and this ratio was set at 1 for the 37°C undifferentiated control (no riluzole, no heat shock). Repeated measures ANOVA analysis of the four groups of data gave P<0.0001 indicating extremely significant difference. For quantitation of staining intensity, Image J program was used to score the "brightness" of 20 cells/fields (mean density) to obtain average ± standard deviation and statistical analysis was done using the GraphPad InStat program. The asterisks indicate statistically significant difference (P<0.01) in staining intensity of control versus riluzole-treated cells under both control and heat shock conditions. ANOVA analysis of the HSP70 staining intensity of the four groups of samples gave P<0.0001, indicating significant difference. B. E16 rat spinal cord neurons at 10 DIV were used.
SCN were double stained for HSP70 (green; panels a-d) and MAP2 (red; panels e-h: merged images). Student's t-test of the staining intensity of control versus riluzole-treated cells gave P<0.001 under both control and heat shock conditions. ANOVA analysis gave P<0.0001, indicating significant difference. Cells were transfected with the GLT1-firefly luciferase and Renilla luciferase DNA constructs [12, 15, 16] . Result on the GLT1-firefly luciferase was normalized against Renilla luciferase and this ratio was set at 1 for the control (no HS, no riluzole). * and ** indicate significance of difference by two tailed t-test assuming equal variance of riluzole-treated versus control samples. Statistical analysis of the difference in GLT1-reporter activity between control and heat shock samples by paired t-test with a two-tailed distribution gave P<0.001, indicating extremely significant difference. (B) Western blot analysis of the effects of riluzole ± heat shock on HSP70 and GLT1 expression. Cells without and with 1 M riluzole pretreatment were incubated under control and heat shock conditions (2 hr 42°C and recovery at 37°C for 6hr). Sirt1 was used as a loading control for the GLT1 membrane and actin was for HSP70. (C) Quantitation of result on HSP70 and GLT1. Intensity of the HSP70 and GLT1bands in Fig. 5B was quantitated by ImageJ and result, relative to control of 1, is shown. (A) Cells, pre-treated with the indicated concentrations of riluzole, were incubated under control (37°C, lanes 1-5) and heat shock conditions (42°C, lanes 6-10). Immuno-Western blot detection of the 67 kDa GLT1 was done using antibody ab61859 from Abcam at 1:500 dilution. An aliquot of E18 rat brain extract served as control. The membrane was reprobed with antibodies against HSP90 (Cell Signaling 4877, 1:1000 dilution), and actin (Sigma, 1:10,000 dilution). The two images were aligned and the carried over GLT1 signal in the HSP90/actin immunoblot is indicated by an asterisk (see lane 7 and 8). (B) Quantitation of the relative abundance of GLT1 and HSP90. Image J was used to determine the intensities of individual bands of the immunoblots shown in Fig.6 (A) , with open bars representing control samples (i.e. 37°C) and filled bars representing heat shock samples (42°C). The signal intensity of GLT1 and HSP90 bands are presented "as is" at the top, and signal normalized against that of actin as a loading control is shown at the bottom. Results on student's t-test (paired, two tailed) of control (open bars) versus heat shock (filled bars) samples are as shown in each of the quadrant. Fig. 7 . Riluzole promoted neuronal cell survival under glutamate excitotoxic stress. Cells were pretreated with 1 M riluzole followed by conditioning heat shock as described in the text. Cells were challenged with the indicated concentrations of glutamate (0, 10, 20, 50, 100, 200, 500 M and 1 mM) with 50 M glycine for 12 hr at 37°C. The NMDAR antagonist, MK801, was added 1 hr prior to the addition of glutamate. Phase contrast photomicrographs of cells without and with 1 mM glutamate/50 M glycine were captured with a SPOT camera system (Diagnostic Instruments, Inc., Sterling Heights, MI).
Repeated measures ANOVA analysis of the four groups of cell viability data gave P< 0.0001, indicating extremely significant differences between the groups. 
